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Diamond still at the edge
For UK’s Ascot-based, Element Six, a defining
moment was the paper published in Science
297 p. 1670 (6 Sept. 2002) on the develop-
ment of technology for producing free-stand-
ing, single crystal CVD diamonds (SSC-CVD
diamond) with new material properties that
‘far exceeded even the most optimistic expec-
tations.’ This semiconductor material should
enable new electron devices. Three year later,
E6 and JV partners have seen the emergence
of two such devices: MESFET transistors and
Schottky-barrier diodes. 
It was eighteen months of collaboration
between Element Six and the University of Ulm,
Germany, that in February produced preliminary
micro- wave devices in the form of a MESFET
transistors, using synthetic single crystal dia-
mond CVD.The target now is to push up voltage
and current.
Ulm University has acquired considerable skill in
this sector and collaborative work with Japan’s
NTT Basic Research Labs. Recently (at the 1st
Int. Diamond Conference in Barcelona) NTT
announced a fabricated FET based on surface
properties of diamond with a peak power of
2.1W/mm at 1GhZ (ahead of GaAs performance),
the produce of joint collaboration with E6.
Owing to diamond properties, the device dissi-
pates heat very rapidly; can withstand operation
at very high voltages and will operate very stably,
even in space.
A major problem in fabricating devices from 
diamond in the past had been that diamond films
containi many more defects and impurities than
silicon and other semiconductors, but in April
2002, NTT had developed technology which
solved this problem.
The intrinsic theoretical performance of dia-
mond, coupled with these devices, suggests that
diamond has the working viability to capture the
entire RF device market for frequencies between
10-100GHz, and is capable of producing over
100W at X-band frequencies. But, whether vol-
umes can make the price attractive is still at
issue.
Element Six’s research manager, Steve Coe is a
plasma physicist, who before joining E6 in 1995
worked in Thorn EMI laboratories.“The CVD
process is quite difficult,” he says,“and develop-
ment of the devices has presented huge techni-
cal challenges.
“The growth of diamond of the highest crys-
talline quality has had to be combined with the
application of nano-technology to precisely
deposit structures only a few atomic layers
thick.
“It is only by mastering this demanding technol-
ogy that we have been able to being to release
the huge potential of diamond as an electronic
material.”
Where GaN and SiC can’t go
Back in 2003, Prof Dr Ali Erdemir, known as the
Turkish genius of Tribology, won the R&D Prize
for the third time for creating the properties of a
diamond by the use of nano-technology working
out of the Argonne National Labs, Chicago.
The RF power handling capability of solid-state
devices using current semiconducting materials,
such as Si and GaAs is limited by the properties
of the materials. High power devices, for applica-
tions including satellite communications, telecoms
base stations, and high resolution phased-array
radars, have moved on to materials such as GaN,
and SiC, to which the US is devoting considerable
R&D funds.
E6 announced its next significant development
in its diamond electronics program in September
of this year, with the fabrication of a diamond-
based Schottky-barrier diode (SBD).This is
reported as capable of operating at 1700 V and
>10 A/cm2.
CAPE gets cracking
This, the first key milestone of the programme,
has been reached after only a year’s develop-
ment, ahead of schedule.The collaborating group
who have made the breakthrough is the CArbon
Power Electronics (CAPE) consortium, supported
by the UK Department of Trade and Industry.
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Diamonds for electronics
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Element Six Technologies
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It consists of Element Six Ltd and Dynex
Semiconductors Ltd as the industrial
players, with an academic partner in
Cambridge University Engineering
Department.
“The key challenge,” says Coe,“is to dope
high quality intrinsic material. It’s not
easy to achieve n -type dopant.The 
p-type makes use of boron for a unipolar
device.Academic studies show phospho-
rus technology can provide the p- type,
doping, but we leave that work to the
Universities currently,” he says.
“CVD diamond for optical windows in
high power CO2 lab lasers is already an
economic alternative to ZnSe,” says
Element Six commercial development
manager, Christopher Ogilvie Thomson.
“Lasers using ZnSe are limited to power
levels below 3kW, and any dirt on the
window causes thermal runaway. But a
CVD diamond laser, however, offers
power levels from 3-6kW power with no
customer returns or complaints yet,” he
adds.
But the other difference between the
material, he concedes, is that compared
to a few hundred dollars for a ZnSe win-
dow, CVD diamond windows device, are
in the few thousand dollar category.
Other parties are already playing in the
shallows of diamond electronics, such as
Morgan Advanced Ceramics of New
Bedford, MA with its Diamonex CVD
heat spreaders that are claimed as “ideal
for high power device applications, such
as laser diodes, microwave FETs and
MMICs, and advanced multi-chip modules
(MCMs).”
However, currently E6, with its De Beers
parentage, is probably the biggest pro-
ducer of CVD diamond heat spreaders,
and was thought to be selling in the
region of 100,000 heat sinks a week at
the height of the telecoms boom.
Typical CVD diamond reactors at Element Six. The more traditional  manufacturing processes for 
‘cultured’ or ‘artificial’ diamonds uses temperature and pressure on carbon in a furnace/crucible.
Japan synthesises a new n-type diamond semiconductor 
In May 2005 came the recording of a
world-first success in synthesising
(001) n-type diamond semiconduc-
tor through vapour deposition, of
great significance for electron
device application. 
The researchers were  Dr Satoshi
Yamasaki, a supervising researcher,
Dr Hiromitsu Kato and their col-
leagues at the Diamond Research
Centre (DRC), the National Institute
of Advanced Industrial Science and
Technology, Japan.
The ultraviolet emitting diode man-
ufactured on trial basis, used p-n
junction with (001) n-type diamond
semiconductor,and successfully emit-
ted UV radiation of 235nm wave-
length, a  major developmentto-
ward the practical use of diamond
semiconductor, for electron devices. 
Diamond is characterised by high
thermal conductivity, breakdown
voltage and very high mobility for
electrons and positive holes, which
makes it particularly promising in
the area of power devices  and short
wavelength LEDs and for this rea-
son, a number of research organisa-
tions are committed to its develop-
ment.
But to implement electron devices
based on diamond semiconductor, it
is essential to provide both p-type
and n-type semiconductors. 
While the p-type diamond semicon-
ductor can be synthesised irrespec-
tive of the substrate orientation by
doping with boron, that of n-type
have been available only for (111)
oriented substrate, and never as yet
for (001). 
As the n-type diamond semiconduc-
tor on (111) oriented substrate pro-
vides a lot of difficulties for commer-
cialisation, it has been needed to syn-
thesise it on the (001) oriented sub-
strate.
In the AIST study, the (001) n-type dia-
mond semiconductor has been syn-
thesised through microwave plasma
chemical vapour deposition process
using methane as the source gas and
doping with phosphorus atoms. 
The success was ensured by the dif-
ference in phosphorus incorporation
in the (001) oriented diamond and
from that, in the (111), by broadly
changing conditions for p-doping
and by optimising the synthetic 
conditions.
http://www.aist.go.jp/aist_e/latest_res
earch/2005/20050615/20050615.html
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Square wafer approach
In the US, Boston-based Apollo has elec-
tronics diamond wafer available commer-
cially in bulk with wafers ranging from 
3-10mm square and it anticipates having
25mm square wafers soon.Thickness is
from 250µm to 4mm depending on 
application.
Florida-based Gemesis has still not
moved from grown ‘cultured’ gemstones
to wafer quality, but is believed to intend
to move into the electronics market
when it has sufficient capital.
Europe and Japan have been certainly
been investing in diamond semiconduc-
tor research, as the latest Diamond 2005
conference in Toulouse indicates.
But it’s anyone guess whether Japanese,
Europeans or Americans are going to to
be first to place their marker successfully
on the electronics diamond niche.
For the US, DARPA’s
funding (see DARPA
helps diamond film)
will be an essential,
and the bulk of its
funding has currently
extended past InP,
into achieving better
quality GaN and SiC
materials and devices
and improving their
manufacturing
processes 
Then too, diamond
has to make it
through the commer-
cial courts of compa-
nies like Intel, where Krishnamurthy
Soumyanath, Intel’s director of communi-
cations circuits research has said:‘It takes
us about 10 years to evaluate a new
material.We have a lot of investment in
silicon.We’re not about to abandon that.”
Sources: http://pubs.acs.org/cen/coversto-
ry/8205/print/8205diamonds.html
http://www.wired.com/wired/archive/11.09/dia-
mond_pr.html
http://www.diamond-conference .com/
oral05.htm
http://www.usatoday.com/tech/news/techinnova-
tions/2005-10-06-man-made-diamonds _x.htm
DARPA helps use of diamond thin film in MEMS
Back in 2001, researchers at Argonne
and Sandia National Laboratories
developed separate techniques to
make diamond film. At Argonne,
extremely small diamond crystals
were grown for use in MEMS and
nanomachines, while at Sandia,
researchers devised ’amorphous dia-
mond film’ structurally with more
chains than a crystal.
It is only now that sp3 Diamond
Technologies Inc., a supplier of dia-
mond film services, equipment and
products, has been awarded a DARPA
contract to introduce its nanoparticle
diamond thin film deposition process
into the MEMS Exchange. This will
give MEMS developers the ability to
make cost-effective use of the ther-
mal, mechanical and wear benefits of
diamond in their designs.
In early September, just before the
contract award, Dwain Adala was
appointed president and COO of sp3
Diamond Technologies Inc. as part of
the company's repositioning in
response to business demands. Most
recently, he was CEO of QuickSilver
Technology Inc, a fabless chip compa-
ny developing an Adaptive
Computing Machine. Previously, he
was CEO of C Speed Corporation, a
MEMS-based optical switching start-
up, and had held numerous manage-
ment positions within Mitshubishi
Electronics America.
"We look forward to the formal
introduction of sp3's diamond thin-
film process," Michael Huff, director
of the MEMS and Nanotechnology
Exchange, said he looked forward to
the formal introduction of sp3’s dia-
mond-film process as "a significant
addition to the many enabling
processes already available to MEMS
Exchange users." 
The sp3 award from DARPA covers a
10-month project in which the 
company will also transfer a nanopar-
ticle seeding process developed by
the Naval Research Laboratory into
sp3's process flow. At the end of the
project, sp3's diamond thin film dep-
osition process will be available on 4-
inch and 6-inch wafers through the
DARPA supported MEMS Exchange.
sp3 also has the ability to provide dia-
mond thin films on 200-mm and 300-
mm wafers. 
"DARPA's support for the use of dia-
mond thin films in MEMS devices, as
evidenced by this contract, is a critical
recognition of our technology," stat-
ed Dwain Aidala, president and COO
of sp3 Diamond Technologies. "The
properties of diamond make it an
ideal material for use in MEMS
devices where thermal and mechani-
cal management issues are key. By
reducing wear and stiction problems
MEMS devices will perform better
and last longer than devices manu-
factured with other materials." 
Diamond infrared window
